INTRODUCTION {#sec1-1}
============

Dental caries is the single most common biofilm dependent oral infectious disease worldwide that results from the interaction of specific bacterial and salivary constituents with dietary carbohydrates in a biofilm tightly adherent on the tooth surface.\[[@ref1][@ref2]\]

Dental caries is most likely the result of a polymicrobial infection caused by one or more of the over 500 bacterial species that have been identified from the human oral cavity.\[[@ref3][@ref4]\] It is apparent that as in many natural microbial communities, a large proportion of the microbes present in the mouth have not yet been cultured.\[[@ref5]\] Advanced molecular methods such as polymerase chain reaction (PCR) and 16S rRNA gene sequencing analysis have revealed that the bacterial involvement in the development of dental caries is more complex than previously believed.\[[@ref6]\]

*Streptococcus mutans* is known as the principal dental pathogen associated with caries; with an ability to synthesize glucan from sucrose as its most important virulent factor.\[[@ref7][@ref8]\] Glucan synthesis allows the bacteria to firmly attach to the tooth surface and form a biofilm; whereas the gelatinous nature of glucan retards diffusion of acid produced by the bacteria from fermentable sugars in the dental plaque.\[[@ref9]\] This eventually leads to dissolution of the hard enamel surface of the tooth. Cell to surface interactions play an enormous role in initial cell colonization, and cell to cell protein interactions largely mediate the growth and continued existence of biofilm.\[[@ref10]\]

The bacterial communities within a biofilm are of particular medical importance due to their increased tolerance to antibiotics.\[[@ref11]\] Novel strategies based on detailed understanding of the biofilm formation mechanisms are therefore an important issue. Atomic force microscopy (AFM) is an advanced technology that offers great advantages in mapping of biological samples such as bacterial biofilms and observation of biofilm growth in their natural complex environment.\[[@ref12][@ref13][@ref14][@ref15]\]

The aim of present study is to characterize the surface topography of the biofilm formed by a new bacterial isolate obtained from dental caries lesion, using AFM.

MATERIALS AND METHODS {#sec1-2}
=====================

Sample collection {#sec2-1}
-----------------

Ethical approval for the study was granted by the Internal Research and Review Board (IRB), Ethical Clearance (EC), Biosafety and Animal Welfare Committee at Madurai Kamaraj University, Madurai. Five adult patients elected to have extractions for unrestored teeth (due to chronic periodontitis) that presented with large coronal dentine caries lesions which, by macroscopic examination, had not penetrated to the underlying vital pulp tissue; participated with their informed consent. The samples were excavated with sterile, spoon excavator and collected at a level that represented the middle of the dentine lesion. Five dentinal caries samples were taken and transported to the laboratory and subjected to further analysis.

Cultural analysis {#sec2-2}
-----------------

Lesion samples were serially diluted in sterile MilliQ water and inoculated on Brain Heart Infusion (BHI) agar medium (HiMedia) supplemented with 5% sucrose, incubated at 37°C in 5% CO~2~ for 18-36 h. Ten clinical isolates were obtained from five dentinal caries samples and were designated as JKAS-CD1 to JKAS-CD10 \[CD: Culture Dependent\]. The isolates were differentiated based on their colony morphology, hemolysis on blood agar medium with and without 5% sucrose and biochemical characteristics.

Biofilm assay {#sec2-3}
-------------

The clinical isolates were grown on BHI broth with and without 5% sucrose, incubated overnight in microtiter plates at 37°C under 5% CO~2~. The biofilm development was determined spectrophotometrically by measuring the absorbance at 590 nm. Experiments were performed in triplicates and the heat-killed *Escherichia coli* cells were used as control. The clinical isolate showing maximum biofilm formation was selected for further study.

Molecular analysis {#sec2-4}
------------------

Genomic DNA was extracted from the selected clinical isolate utilizing Hopwood *et al*.\[[@ref16]\] protocol with minor modifications; integrity of the isolated DNA was analysed on 0.8% agarose gel.

Using a universal primer set \[27F 5'- AGA GTT TGA TCC TGG CTC AG-3' and 1492R 5'-GGT TAC CTT GTT ACG ACT T-3'\] synthesized commercially \[Sigma Genosys, India\]; PCR amplification of 16S rRNA gene was performed in a total volume of 50 μL reaction mixture containing 1X reaction buffer (10 mM Tris \[pH 8.3\], 50 mM KCl, 1.5 mM MgCl~2~), 200 μM dNTPs, 0.05 units *Taq* DNA polymerase \[Sigma, USA\], 0.5 μM of each primer and 1 ng template DNA. The thermal cycling conditions were: 5 min at 94°C for initial denaturation; 31 cycles of 30 s at 95°C, 1 min 30 s at 54°C, 2 min at 72°C, and a final extension for 5 min at 72°C. The amplification reaction was performed with a thermal cycler (MyCycler, Bio-Rad, USA) and the PCR amplicons were resolved by electrophoresis in 1% (w/v) agarose gel to confirm the expected size (1500 bp) of the product.

The PCR product was purified by QIAquick PCR purification kit (Qiagen, USA) and cloned into pGEM-T Easy Vector (Promega, USA). The recombinant plasmid was isolated from positive clones, purified with QIAprep plasmid purification kit (Qiagen, USA) and sequenced with Applied Biosystems 3730XL DNA Analyzer using BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, USA).

Phylogenetic analysis {#sec2-5}
---------------------

Phylogenetic analysis was performed by RDP-II database,\[[@ref17]\] CLUSTALW, by the neighbor-joining method. The phylogenetic tree was analyzed using PHYLIP 3.68,\[[@ref18]\] with DNADIST, NEIGHBOR using bootstrapping over 1000 replicates, and maximum-likelihood analysis was performed with DNAML of PHYLIP 3.68. The 16S rRNA gene sequence of the selected isolate was deposited in the GenBank nucleotide database under the accession number (JX548342).

Sample preparation for AFM analysis {#sec2-6}
-----------------------------------

Enamel was powdered by polishing action from caries unaffected region of extracted teeth using sterile, fine diamond bur. Enamel powder was dissolved in 500 μL MilliQ water and sterilized by autoclaving.

To visualize the biofilm formation of the selected isolate by AFM; the glass cover slips were cleaned by sonication and immersed in piranha solution (Conc. H~2~SO~4~ and 30% H~2~O~2~ in a ratio of 3:1) for 15 min followed by washing thrice with sterile MilliQ water and drying in the vacuum desiccator. Cover slips were uniformly coated with 20 μL sterile enamel powder solution with necessary nutrients supplied as 20 μL BHI broth.

The experimental samples were designed as follow:

Enamel + BHI broth + Selected isolate bacterial cells, incubated at 37°C for 6, 12 and 24 hEnamel + BHI broth + Selected isolate bacterial cells supplemented with 5% sucrose, incubated at 37°C for 6, 12 and 24 h.

Bacterial cells at logarithmic growth phase, grown in BHI broth were centrifuged at 5000 rpm for 10 min at 4°C and the cell pellets were washed thrice with distilled water and re-suspended up to 10^-3^ dilution in sterile distilled water. The experimental samples were inoculated with 5 μL of 10^-3^ diluted bacterial cells and incubated at 37°C. After incubation, the cover slips were gently washed thrice with sterile distilled water to remove the unbound cells from the surface and air-dried for 12 h.

To observe bacterial cells of selected isolate by AFM, 5 μL of 10^-3^ diluted bacterial cells were deposited onto a freshly cleaned glass cover slips and air dried for 12 h. AFM analysis of the bacterial cells and its biofilm topography on the enamel powder coated glass surface was performed using an A100-SGS Atomic Force Microscope (A.P.E Research, Italy). Images were taken at tapping mode in air at room temperature. The silicon etched Ultrasharp™ cantilever (MikroMasch, USA) with a spring constant of 40 Nm^-1^ and 10 nm radius was used to obtain non-contact images at 1 Hz scan rate. The surface and roughness of AFM images were analyzed using the image acquisition software.

RESULTS {#sec1-3}
=======

The clinical isolates inoculated on BHI agar medium exhibited different colony morphological features. The results of hemolysis revealed that JKAS-CD1 JKAS-CD3 to CD6, JKAS-CD9 and JKAS-CD10 exhibited Gamma hemolysis both on blood agar medium with and without sucrose.

JKAS-CD2 and JKAS-CD8 exhibited Alpha-hemolysis both on blood agar medium with and without sucrose; while JKAS-CD7 exhibited Alpha-hemolysis on blood agar medium with sucrose and Gamma hemolysis on blood agar without sucrose. JKAS-CD2, CD7, CD8 and CD6 displayed more biofilm forming ability when compared to others in the decreasing order \[[Figure 1](#F1){ref-type="fig"}\]. Based on these results, the clinical isolate JKAS-CD2 was selected for the phylogenetic analysis and subjected to AFM for the topographic analysis of the biofilm formed by the same.

![Biofilm formation by the clinical isolates. \[The absorbance of the eluted stain measured at 590 nm up to 30 h at 3 h interval. The values were depicted as mean values of independent triplicate experiments and the error bars represent the standard error of the mean for each absorbance value\]](JNSBM-5-278-g001){#F1}

Phylogenetic analysis of JKAS-CD2 {#sec2-7}
---------------------------------

The size of the 16S rRNA gene sequence of carious lesion derived bacterial isolate JKAS-CD2 was 1508 bp with the G + C content of 52.38%. Nucleotide similarity searches revealed that the bacterial isolate belongs to the phylum Firmicutes and also displayed the highest similarity to 16S rRNA gene sequences of members of the family Streptococcaceae. Phylogenetic analysis of 16S rRNA gene sequences of JKAS-CD2 showed that it shared 95.3% to 99.3% similarity to the type strains of recognized species of the genus *Streptococcus* and its closely related type strain was *Streptococcus infantarius* with 99.9% sequence similarity \[[Figure 2](#F2){ref-type="fig"}\].

![Phylogenetic tree view of 16S rRNA gene of bacterial isolate JKAS-CD2 based on Neighbor-joining method. Bootstrap values \> 50% were shown at each node and expressed as percentages of 1000 replications. *Lactobacillus lactis* T was used as out-group. \[Scale bar represents 0.01 substitutions per nucleotide\]](JNSBM-5-278-g002){#F2}

Atomic Force Microscopic analysis of biofilm {#sec2-8}
--------------------------------------------

AFM image analysis indicated that the enamel coating was almost uniform over the glass surface \[Figure [3a](#F3){ref-type="fig"} and [b](#F3){ref-type="fig"}\] and JKAS-CD2 cells exhibited colony morphology as individual and small chains in cocci form (0.25-0.4 μm diameter) \[Figure [4a](#F4){ref-type="fig"} and [b](#F4){ref-type="fig"}\].

![(a) 2-Dimensional atomic force microscopy images depicting the surface characteristics of enamel powder suspension coated glass cover slip. (b) 3-Dimensional AFM images depicting the surface characteristics of enamel powder suspension coated glass cover slip](JNSBM-5-278-g003){#F3}

![(a) 2-Dimensional atomic force microscopy images depicting colony morphological characteristics of JKAS-CD2 (Bacterial cells seen as individual and small chains in cocci form). (b) 3-Dimensional AFM images depicting colony morphological characteristics of JKAS-CD2 (Bacterial cells seen as individual and small chains in cocci form)](JNSBM-5-278-g004){#F4}

After 6 h incubation, sucrose dependent biofilm formation on the glass cover slip coated with enamel was observed as initial small clusters of colonies; in comparison to scarcely distributed cells on the surface of the enamel under sucrose independent conditions. Glucan production was observed at places with dense population of bacteria. The number of colony forming units was more in case of sucrose mediated biofilm with significant distribution of larger clusters of cells.

Under sucrose dependent conditions, the microbial colonies adhered and were seen embedded in the glucan, as the biofilm attained 12 h growth \[Figure [5a](#F5){ref-type="fig"} and [b](#F5){ref-type="fig"}\]. While, more number of bacterial colonies appeared to be exposed outside in sucrose independent biofilm. Further, the shape of JKAS-CD2 cells did not undergo any significant difference as the biofilm attained maturity under both sucrose dependent and sucrose independent conditions. Following 24 h incubation, the texture and roughness of the biofilm formed by JKAS-CD2 under sucrose dependent condition (biofilm topography height 104 nm) \[Figure [6a](#F6){ref-type="fig"} and [b](#F6){ref-type="fig"}\] was \~ 3 fold higher than that formed under sucrose independent condition (biofilm topography height 37 nm) \[Figure [7a](#F7){ref-type="fig"} and [b](#F7){ref-type="fig"}\].

![(a) 2-Dimensional atomic force microscopy images of sucrose dependent biofilm formed by JKAS-CD2 cells. Following 12 h incubation, the microbial colonies adhered and seen embedded in the glucan produced.(b) 3-Dimensional AFM images of sucrose dependent biofilm formed by JKAS-CD2 cells. Following 12 h incubation, the microbial colonies adhered and seen embedded in the glucan produced](JNSBM-5-278-g005){#F5}

![(a) 2-Dimensional atomic force microscopy images showing sucrose-dependent-biofilm formed by JKAS-CD2 cells following 24 h incubation \[Biofilm topography height: 104 nm\] (b) 3-Dimensional AFM images showing sucrose-dependent-biofilm formed by JKAS-CD2 cells following 24 h incubation \[Biofilm topography height: 104 nm\]](JNSBM-5-278-g006){#F6}

![(a) 2-Dimensional atomic force microscopy images showing sucrose-independent-biofilm formed by JKAS-CD2 cells following 24 h incubation \[Biofilm topography height: 37 nm\]. (b) 3-Dimensional AFM images showing sucrose-independent-biofilm formed by JKAS-CD2 cells following 24 h incubation \[Biofilm topography height: 37 nm\]](JNSBM-5-278-g007){#F7}

DISCUSSION {#sec1-4}
==========

With the advent of molecular methods based on the recent well established technique of PCR, cloning, and sequencing of 16S rRNA genes, many hitherto unknown aspects of the oral microbiome have been revealed. Another aspect of this pioneering method is that, as the 16S rRNA gene is approximately 1550 bases in length, it could be surmised that more sensitive and specific information on taxonomical lineage and bacterial diversity might be obtained through analyzing longer lengths of sequences in comparison to the bacterial identification based on the sequence data of relatively shorter segments of 300-400 bases.\[[@ref4]\]

Molecular methods involving sequencing have proved invaluable in the taxonomy to determine phylogenetic relationship between the known and the newly recognized microorganisms aiding in taxonomic rearrangement and the creation of new species, thus further increasing the microbial diversity.\[[@ref19]\]

16S rRNA gene sequence analysis revealed that JKAS-CD2 formed a distinct subclade closer to the *Streptococcus infantarius*, indicating that this isolate is closely related at the 16S rRNA gene sequence level but not to any previously described taxa of other species of *Streptococcus* represented in the phylogenetic tree. This sequence belongs to a strain isolated from the infant\'s feces. The other closely related lineages of *Streptococcus* clustered in the phylogenetic tree were reported from dairy products, human blood and endocarditis, suggesting that the closely related lineages of JKAS-CD2 are present in different environment. The nearest type strain *S. infantarius* subsp. *infantarius* exhibits no exopolysaccharide (EPS) production on 5% sucrose medium; shows acid production from lactose, maltose and sucrose and is urease negative.\[[@ref20]\]

In spite of the 16S rRNA gene sequence identity to the nearest type strain *S. infantarius* subsp. *infantarius*, the JKAS-CD2 exhibited phenotypic differences such as EPS production on 5% sucrose medium, but lack acid production from lactose and maltose. Therefore, the isolate JKAS-CD2 obtained from the dentinal caries lesion seems to be distinct and diverged significantly from the members of the *S. infantarius*, and thus could represent a new species of the genus *Streptococcus*.

*S. mutans* can metabolize the major form of cariogenic food sucrose to produce α (1 → 3) and α (1 → 6) glucosidic polymers and forms a plaque on the surfaces such as glass, plastic and tooth enamel.\[[@ref21]\] The selected bacterial isolate JKAS-CD2 also utilized sucrose to synthesize the EPS to form glucan aided enhanced biofilm slime layer. Therefore, the isolate exhibited the virulent factor responsible for the dental caries. As in the case for many other *Streptococci* bacteria inhabiting the oral cavity such as *S. gordonii*, *S. mitis*, *S. mutans* and S. sanguis,\[[@ref22]\] the isolate JKAS-CD2 emerged as an obligate plaque forming microbe under sucrose-dependent condition.

Biofilm formation leads to increased tolerance to antibiotics and antimicrobial peptides and more persistent infections due to their special physiology and physical matrix barrier.\[[@ref23]\] Therefore, assessment of biofilm formation capabilities is important. The microtiter plate assay, being a rapid and simple method, can be used to screen difference in biofilm formation between bacterial strains.\[[@ref24]\] In view of this advantage, the microtiter plate assay was used in the present study.

Bacteria can be imaged either under dry conditions or in aqueous solution using AFM. The advantage of imaging dry samples is a better resolution than for bacteria examined in aqueous media.\[[@ref25]\] In the present study, the bacterial morphology and surface topography of the formed biofilm was imaged under dry conditions. AFM images were collected at a very slow scan rate of 1 Hz, in order to obtain the details and to avoid damaging the tip. 'Tapping mode' imaging was selected for the procedure, as it is a more sophisticated type of measurement. Such imaging is recommended for more sensitive samples, which could be damaged during the tip-rastering process. Another advantage of 'tapping mode' imaging is the possibility to collect height, amplitude, and phase type data.\[[@ref26]\]

In the present study, the topography of slime layer exhibited fully embedded bacterial colonies and suggests that such a biofilm prevents antimicrobials and xenobiotics from gaining access to the cells inside the biofilm, thus protecting the bacterial cells. Further, the results observed by spectroscopic absorbance of bound crystal violet to the bacterial cells on polystyrene surface over the time course experiment was in close agreement with biofilm topography observed by AFM imaging.

As adherence is a key ecological determinant for oral bacteria to survive and persist,\[[@ref27]\] microorganisms that cannot form a biofilm are unable to adhere to a surface and washed out easily by the salivary flow. The biofilm forming ability of the isolate JKAS-CD2, as per the results of microtiter plate assay and AFM analysis holds the mechanism for its adherence to glass surface coated with tooth enamel even after washing.

However, although mutans streptococci are strongly implicated with caries, the association is not unique.\[[@ref2]\] Indeed in such circumstances, some acidogenic, non-mutans streptococci are implicated with the disease, as seen in the present study.

CONCLUSION {#sec1-5}
==========

An understanding of the basis of bacterial community behavior points to therapeutic targets that may provide a means for the control of biofilm infections.
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